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Abstract
The effects
freshwater

marsh.

of water table fluctuations
Seasonal

aerobic

methane

and anoxia on methane
oxidation

rates varied

emission

between

and methane

oxidation

15% and 76% of the potential

were studied
diffusive

in a

methane

(diffusive
flux in the absence of aerobic oxidation). On an annual basis, approximately 43% of the methane diffusing
into the oxic zone was oxidized before reaching the atmosphere. The highest methane oxidation was observed when the
water table was below the peat surface. This was confirmed in laboratory experiments where short-term decreases in water
table levels increased methane oxidation but also net methane emission. Although methane emission was generally not
observed during the winter, stems of soft rush (Juncus efsuusus) emitted methane when the marsh was ice covered.
Indigenous methanotrophic bacteria from the wetland studied were relatively anoxia tolerant. Surface peat incubated under
anoxic conditions maintained 30% of the initial methane oxidation capacity after 32 days of anoxia. Methanotrophs from
anoxic peat initiated aerobic methane oxidation relatively quickly after oxygen addition (l-7 hours). These results were
supported by culture experiments with the methanotroph
Methylosinus tricho.sporium OB3b. This organism maintained a
greater capacity for aerobic methane oxidation when starved under anoxic compared to oxic conditions. Anoxic incubation
of M. trichosporium OB3b in the presence of sulfide (2 mM) and a low redox potential (- 110 mV) did not decrease the
capacity for methane oxidation relative to anoxic cultures incubated without sulfide. The results suggest that aerobic methane
oxidation was a major regulator of seasonal methane emission from the investigated wetland. The observed water table
fluctuations affected net methane oxidation presumably due to associated changes in oxygen gradients. However, changes
from oxic to anoxic conditions in situ had relatively little effect on survival of the methanotrophic bacteria and thus on
methane oxidation potential per se.
flux
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of European

Microbiological

emission

from

aquatic

environments

is

principally determined by factors that regulate both
the source (methane production) and the internal sink
(methane oxidation). This relationship has been described in some detail for freshwater lakes (e.g.
Societies.
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and redox potential on the capacity for aerobic
methane oxidation were examined in undisturbed
peat cores, slurries and in pure cultures of methanatrophic bacteria.

2. Materials

and methods

2.1. Study site
Sampling and in situ experiments were carried out
in a shallow freshwater marsh (‘Walpole
Pond’)
located close to Walpole Woods in Maine, USA. The
study site used in 199 I - 1993 consisted of a 5 X 5 m
plot at the periphery of a permanently flooded area.
The marsh was dominated by graminoid plants such
as Jutzcus effuses,
Cnlumagrosti.~
carmdetzsis,
Phragmites
australis and Cares lrrsiocarpcr; the
ground cover was dominated by Sphagnum cuspidaturn. Peat cores and peat samples used in the experiments contained Sphagnum spp. but no other live
plant material. The upper lo-12 cm of the wetland
soil consisted mainly of peat underlain by a layer of
glacial clay (below I2 cm). Pore water pH varied
between 5.6 and 5.8.
Seasonal water table fluctuations were observed at
the sampling site with saturated conditions in the
spring and generally desaturated conditions in late
summer and fall. These conditions are referred to as
submerged
and exposed conditions,
respectively
(water table 2 peat surface, and water table < peat
surface). Relative changes in the water table were
approximated from the water level in a well consisting of a permeable core tube inserted into the peat.
2.2. F1rr.umeaswemetlts
Methane fluxes were measured in 30 cm long
acrylic core tubes (6.4 cm i.d.) sealed with neoprene
stoppers. In the early spring, when the peat was
either frozen or water saturated, flux measurements
were carried out in situ. Core tubes were mounted on
a metal frame for stability, and inserted approximately 1 cm into the peat surface 24 h before the
experiment. Conditions in late summer and early fall
permitted collection of undisturbed cores as the peat
was drier and more compact. Cores were sampled to
a depth of approximately 15 cm using serrated knives
to cut through live and dead plant material. All
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[I -5]), but relatively little is known about the effects
of aerobic methane oxidation on methane emission
from natural wetlands. Recent studies have shown
that aerobic methane oxidation may consume up to
90% of the potential methane flux from certain
wetlands [6-81. Thus, methane-oxidizing
bacteria can
exercise considerable control over the net methane
emission but the activity may vary significantly spatially and temporally.
The distribution
and availability
of oxygen in
sediments and soils has been identified as an important regulator of aerobic methane oxidation.
For
example. temporal variation in methane oxidation in
sediments has been linked to fluctuations in oxygen
production by benthic phototrophs [6,7.9]. Oxygen
gradients and aerobic methane oxidation can also
change on relatively short time scales in peats due to
diurnal fluctuations in water table levels [IO]. Temporal variation in methane oxidation has also been
observed for lake sediment from the littoral zone
[I I]. Aerobic oxidation rates varied > 1OO-fold from
August to September presumably because of fluctuations in methane and oxygen availability [l I]. From
these reports, it seems evident that temporal variations in oxygen distribution
may be a key factor
determining
aerobic methane oxidation and subsequently methane emission from freshwater wetlands.
On the basis of the known physiology of methanatrophic bacteria, oxygen availability
may regulate
not only methane oxidation activity but also the
survival of these bacteria. Methanotrophs are considered obligately aerobic heterotrophic organisms that
grow on a limited number of C, carbon compounds
[ 12,131. Oxygen plays a dual role in methanotrophic
metabolism, as it is required in the initial oxidation
of substrates (via methane monooxygenases).
and as
a terminal electron acceptor during aerobic respiration. In the absence of oxygen, methanotrophic bacteria are principally energy limited and depend on
anaerobic starvation metabolism for survival. Thus,
the ability to successfully survive periods of anoxia
in situ could play an important role in determining
the methane oxidation capacity in environments with
fluctuating oxygen gradients.
In the present study, we compared methane oxidation rates with methane emissions in a freshwater
marsh during selected periods in 1991- 1993. The
effects of water table fluctuations. oxygen depletion

Ecolo,q\~ IY

P. Roslev, G.M. King/ FEMS Microbiology

Ecology 19 (1996) 105-115

107

2.4. Depth profiles and kinetic analyses
Depth profiles of dissolved methane were determined from pore water sampled in situ with needle
and syringe as described previously
[7]. Oxygen
profiles in undisturbed peat cores were measured in
the laboratory using oxygen microelectrodes mounted
on a micromanipulator
as described by Revsbech
[ 14,151.
The depth distribution of potential methane oxidation and apparent K, for methane uptake were
determined in peat samples from 0, 3. 6 and 12 cm
depths. Surface peat (‘0 cm’) was collected with
forceps from the upper O-2 mm; sub-surface peat
was sampled in 5 mm slices for each depth using a
serrated knife. The subsamples were mixed with an
equal volume of autoclaved deionized water (pH 6)
and homogenized in a blender. Peat slurries (10 ml)
were transferred to 160 cm3 serum bottles and 2 cm3
ultra high purity methane was added with needle and
syringe after sealing. The bottles were incubated
horizontally at 28°C on a shaker at 120 ‘pm. Gas
samples for methane analyses were taken with needle and syringe approximately every other hour. V,,,
was calculated from the initial zero order decrease in
methane concentration.
K, for substrate uptake was
estimated from progress curves of methane consumption using the integrated form of the MichaelisMenten equation [ 161:

2.3. Water table manipulation

t=

Cores collected in late July 1993 were used in a
laboratory experiment where methane fluxes were
measured as a function of the water table height.
Initially, methane fluxes were measured under oxic
and anoxic conditions with the water table at the peat
surface (in situ conditions). The water table was then
lowered 5 cm by slowly draining off pore water
through a syringe needle inserted in the bottom
stopper. The cores were left open to the atmosphere
for 42 h in a waterbath at in situ temperature, and
methane fluxes were measured again under oxic
conditions. Finally, methane fluxes were measured
after addition of acetylene to the core headspaces
(2% final concentration
). Flux rates and methane
oxidation were calculated as described above for the
flux measurements.

Non-linear
curve fitting was carried out using
KalaidaGraph
3.0 software and a Macintosh computer. All curves fitted to experimental
t-S data had
r values > 0.98.

5, - S + K,ln(
Vmax

S,/S)
(‘1

2.5. Plate counts
The number of culturable methanotrophic bacteria
in peat samples from 0, 3, 6 and 12 cm depths was
estimated from spread plate counts. Homogenized
peat (1 cm3) was diluted serially in autoclaved deionized water (pH 6), and 50 ~1 samples were subsequently plated onto 1.8% CO,-bicarbonate
buffered
nitrate minimal agar (BNM). This medium contained: 30 mM NaHCO,,
1 mM KNO,, 0.6 mM
Na,HPO,,
0.4 mM KH,PO,,
0.8 mM Na?SO,, 0.2
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fluxes were measured during dark incubations at in
situ temperatures. Gas samples (0.2 cm3) were collected from the headspace of stoppered cores with
needle and syringe. Methane was analyzed on a
Shimadzu 14A gas chromatograph equipped with a
Porapak Q column and a flame ionization detector
(detection limit 0.1 ppmv).
Methane emissions in the presence and absence of
active aerobic methane oxidation (actual and potential methane fluxes, respectively)
were estimated
from fluxes measured under oxic and anoxic conditions as described previously
[7,9]. Absolute and
relative methane oxidation ( pmol CH, rn-’ h- ’
and %, respectively) was calculated from the difference between actual and potential methane fluxes.
Anoxic conditions were established by flushing core
headspaces with N, for 45 min. Fluxes measured
under anoxic conditions were occasionally compared
with fluxes measured under oxic conditions
after
addition of an inhibitor of aerobic methane oxidation
(2-chloro-5trichloromethylpyridine;
‘N-serve’). An
aqueous solution of N-serve was sprayed on the peat
surface to give a concentration of approximately 200
PM in the upper 2 mm. Alternatively,
inhibition of
methane oxidation in situ was achieved by addition
of acetylene to the core headspaces (2% final concentration). Generally, all fluxes were measured over
2-3 h, and rates were calculated from regression of
4-5 time points.
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rium OB3b was harvested in mid-exponential
phase,
washed twice and resuspended in NMM. Aliquots (5
ml) were transferred to 38 cm3 serum bottles and
incubated for 48 h without methane in the presence
or absence of different reducing agents. The following redox regimes were established: oxic conditions,
anoxic conditions,
anoxic conditions
with 2 mM
FeSO,, and anoxic conditions with 2 mM Na,S. The
resulting redox potentials (Eh) were measured in the
starvation media using a platinum oxidation-reduction mini electrode with an internal Ag/AgCl
reference (Microelectrodes, Inc.; Londondeny,
N.H.). The
electrode was connected to a Beckman model 71 pH
meter operated in the absolute mV mode. The measured redox potentials were frequently compared to
potentials measured in solutions with known Eh (e.g.
pH 4 and pH 7 buffer saturated with quinhydrone).

2.6. Effect of anoxia on methane oxidation
in peat slurries

Methane oxidation in peat cores was determined
from comparisons of diffusive methane fluxes measured without
and with inhibition
of aerobic
methane-oxidizers
(Fig. 1). Fluxes were measured
under oxic conditions (actual flux) followed by flux
measurements
under anoxic conditions (no aerobic

capacity

Surface peat (O-2 mm) was homogenized with an
equal volume of autoclaved deionized water, and 10
ml slurries were transferred to 160 cm3 serum bottles. Potential methane oxidation (V,,,)
was then
measured as described above. The bottles were subsequently flushed with N, for 60 min and incubated
on a shaker at 28°C for 2, 4, 8, 16 or 32 days.
Resazurin was used to check for anoxic (reducing)
conditions in subsamples from the N? flushed bottles. At each sampling day, triplicate bottles were
flushed with atmospheric air for 30 min and the
capacity for aerobic methane oxidation was determined after addition of 2 cm3 ultra high purity
methane.
2.7. Effect of anoxia and external redox potentials
methane oxidation capaci5 in pure cultures

on

The methanotroph
Methylosinus
trichosporium
OB3b (obtained from Prof. R.S. Hanson) was grown
on methane in a nitrate minimal medium (NMM) as
described previously [ 181. A culture of M. trichospo-

3. Results
3. I. Methane fluxes

6

Time th)
Fig. 1. Example of time courses of methane fluxes from an intact
peat core. Fluxes were measured sequentially under the following
conditions: oxic, anoxic, oxic again, and finally oxic after addition
of N-serve. N-serve was added to give a concentration of approximately 200 FM in the upper 2 mm peat. The core headspace was
flushed with air or N2 to give oxic or anoxic conditions, respectively.
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mM MgSO,, and 0.05 mM CaC12. Trace elements
were added before autoclaving to give the following
final concentrations
in the medium: 2 PM ZnCl,, 2
PM CuCl,, 1 PM NaBr, 0.5 PM Na,MoO,,
2 FM
MnC12, 1 PM KI, 2 PM H,BO,,
1 PM CoCl,, and
1 PM NiC12. Iron was added to autoclaved medium
as filter-sterilized
FeSO, in 1 M HCl to give a final
concentration
of 50 PM. Plates were incubated at
28°C for 6 weeks in incubators with an initial atmosphere of 20% CH,, 20% CO, and 60% air.
Methanotrophic
bacteria from peat samples were
also enumerated
on nitrate minimal agar without
added CuCl, (BNM.,,)
to identify organisms capable of expressing soluble methane monooxygenase
(sMMO). After 6 weeks of growth, colonies were
screened for sMM0 activity with the naphthalene
oxidation assay (NO assay) described by Graham et
al. [17]. In this assay, colonies capable of oxidizing
napthalene to naphthol stain purple after addition of
o-dianisidine to the surface of agar plates exposed to
napththalene. These colonies are referred to as ‘NOpositive’ in the text.

P. Rosier, G.M. King/ FEMS Microbiology

methane oxidation; potential flux). Comparison
of
methane fluxes measured under anoxic conditions
with fluxes measured after addition of inhibitors of
aerobic methane oxidation, e.g. N-serve or acetylene,
gave comparable results (Fig. 1). After reintroduction of air in anoxic cores, aerobic methane oxidation
recovered relatively
quickly, and methane fluxes
generally returned to initial values (initial oxic flux)
after a few hours (Fig. 1). The effect of N-serve and
acetylene on aerobic methane oxidation was irreversible on similar time scales (data not shown).
In 1993, methane emission from the peat surface
of Walpole Pond was apparently confined to a period
of approximately 8 months from spring thaw in April
to late November (Fig. 2). Ebullition was generally
not observed in situ and in the collected peat cores,

Table 1
Methane fluxes and methane oxidation
Date

in Walpole

Peat conditions

Pond (1991-93).
Surface
temperature

i.e. time courses of methane accumulation
in core
headspaces were always linear. On the basis of the
relatively limited data set for 1993, integration of the
diffusive methane fluxes gave an annual net emission of 12.6 g CH, m-* and a potential emission, in
the absence of aerobic methane oxidation, of 22.2 g
CH, m-‘. Thus, aerobic methane oxidation consumed approximately 43% of the potential diffusive
flux to the atmosphere. During 1991-1993, methane
oxidation rates varied between 15% of the potential
flux in early spring of 1993 to a high of 76% in
October 199 1 (Table 1).
Although methane emission was generally not
detected from the marsh surface during the winter
months, in situ measurements
showed that cores
containing dead stems of soft rush (Juncus e~usus)
emitted significant amounts of methane in late winter
(Table 1). Methane concentrations
in stem gas sampled from plant parts extending through the ice cover
were up to 17 times ambient levels (data not shown).
3.2. Eflect of water table changes
Methane oxidation in Walpole pond varied with
the position of the water table (Fig. 3). Highest
oxidation was always seen when the peat surface
was exposed (low water table), whereas submerged
conditions (high water table) resulted in oxidation
rates below the annual mean (1993). In laboratory
studies with intact peat cores, a 5 cm water table
decrease resulted in an increase in both absolute

Data are the means of fluxes from 5 cores (&SE)
Actual flux
(pm01 m-*

hh’)

Potential flux
(pmol me2 hh’)

(“0
June 26, 1991
October 7, 1992
March 24, 1993
May 27, 1993
July 28, 1993
September 9, 1993
November 12, 1993

Exposed b
Exposed
Ice cover
f Juncus effitsus ’
Submerged d
Submerged
Exposed
Submerged

25
11
0
0
14
28
21
4

109

Methane
oxidation
(%I

150.1 + 30.6
5.3 + 1.9
0
0.67 f 0.18
152.8 f 60.2
269.8 + 64.8
157.4 k 28.6
20.6 +_ 6.5

289.4 + 12.3
22.4 + 6.6
0
0.96 + 0.32
180.5 + 63.7
363.6 f 92.1
472.9 + 66.9
30.3 + 7.5

* Methane oxidation (o/o) is calculated as: (Potential Flux - Actual Flux) X lOO/Potential Fhrx.
b Exposed conditions are defined as conditions where the water table is below the peat surface.
’ Fhrxes were measured in situ in 3 cores placed over stems (l-2) of Juuncuseffusus.
’ Submerged conditions are defined as conditions where the water table is at or above the peat surface.

48
76

15
26
67
32

a
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Month
Fig. 2. Actual and potential diffusive methane fluxes from Walpole
Pond in 1993. Datum points represent the means for 5 cores.
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Fig. 3. Effect of water table position on methane oxidation.
Methane oxidation was calculated in % of the potential flux. The
figure represent data compiled in 1991-1993
(Table 1). The
horizontal line represents the mean oxidation rate for 1993 (43%).
Low water table is defined as: water table < peat surface: high
water table is defined as: water table 2 peat surface. Datum points
are the means for 5 cores.

methane oxidation (mm01 rnPz h- ’ ) and relative
methane oxidation (in % of the potential flux) (Fig.
4). The experimental
water table draw-down also
resulted in a temporary increase in the actual methane
flux (Fig. 4).
3.3. Depth profiles
Oxygen profiles measured with microelectrodes in
June, 1991 showed penetration
depths of 1.6-2.2
mm in the dark (data not shown). Illumination of the
peat surface with a fiberoptic light source to potentially stimulate benthic oxygenic photosynthesis
did
not affect oxygen profiles and aerobic methane oxidation. Consequently,
measurements
of methane

Table 2
Depth distribution
Depth

of methane-oxidizing
Soil type

(cm)
0
3
6
12

Peat
Peat
Peat
Clay

fluxes in situ were carried out in the dark to minimize temperature changes in closed cores.
During 1991- 1993, pore water methane concentrations were highest in the spring and summer
months, while lower concentrations
were measured
in the fall when the water table was below the peat
surface. In some situations, dissolved methane concentrations in the upper few cm of the peat varied
lOO-fold between fall and summer ( < 1 and 366
PM, respectively) (Fig. 5).
Enumeration of culturable methanotrophic
bacteria in oxic and anoxic peat samples showed no clear
stratification
in a 12 cm vertical profile from
September
1992 (Table 2). In contrast, measurements of the capacity for aerobic methane oxidation
showed the highest potential in the upper O-2 mm
peat (0.76 pmol cm-j h), and the lowest activity in

bacteria and potential methane oxidation

in peat from Walpole Pond

(%)

Vrndl
(prnol

0.24
0.60
0.16
0.14

18
66
67
39

0.76 f 0.02
0.39 f 0.01
0.18 & 0.02
0.09 + 0.01

0.05
0.04
0.04
0.01

(-5 cm)

Fig. 4. Methane fluxes and methane oxidation in intact peat cores
measured before and after a 5 cm decrease in the water table,
After the water table draw-down, the cores were left open to the
atmosphere for 42 h before fluxes were measured again. Fluxes
are the means for 5 cores ( + S.E.).

Plate count *
(lo6 cfu cm-‘)
+
+
+
*

Low Water Table

NO positive ”

K m,“ptakrI
cm-j

hh’)

(

/.LM)

2.1-2.2
1.3-1.6
0.6-0.8
0.6- 1.4

Data are the means for triplicate samples (_+ S.E.).
’ Colonies were counted on BNM agar plates as described in Materials and methods.
b Colonies were counted on BNM agar without added copper (BNM.,,):
colonies expressing sMM0 were identified using the naphtalene
oxidation assay (NO assay) as described in Materials and methods, The relative number of NO positive colonies were calculated as: (NO
positive cfu on BNM.,,
agar) X lOO/(Tot cfu on BNM agar).
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Methane (PM)
600

800

1000 1200

s

6-

”

0

6

3

Depth (cm)
Fig. 6. Potential methane oxidation and lag time for peat and clay
samples from different depths. Lag time is defined as the period
preceding the onset of methane oxidation after substrate addition
(oxygen and methane). Bars represent the means for triplicate
slurries (+ S.E.).

anoxic depths
surface).

(up to 62% of the activity

at the

3.4. Effect of redox potential and anuxia on methane
oxidation capacity
Exposure of surface peat samples to anoxic conditions for up to 32 days resulted in a decreasing
capacity for aerobic methane oxidation (Fig. 7). During the initial 16 days of incubation, methane oxidation potentials decreased exponentially
with increasing duration of the anoxia period ( p = -0.07, R’ =
0.9). However, the capacity for methane oxidation
decreased little after day 16, and 30% of the initial

2

4

8

16

32

Anoxia Period (Days)
Fig. 5. Example of in situ depth profiles of methane in Walpole
Pond peat. Pore water samples were collected in October 1992
(water table below the peat surface) and July 1993 (water table at
the peat surface).

Fig. 7. Aerobic methane oxidation by peat slurries after exposure
to anoxic conditions. Oxidation rates were measured initially and
again after 2, 4. 8, 16 or 32 days of anoxia. Bars represent the
means for triplicate peat slurries ( + S.E.).
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clay from 12 cm depths (Table 2). The apparent K,
for methane uptake varied between 0.6 and 2.2 /.LM
but did not show any distinct change with peat depth
(Table 2). Screening
of the culturable
methanatrophic bacteria from the peat profile for their ability to grow and express sMM0 at low copper concentrations (a capacity most often found in Group II
organisms)
suggested that most methanotrophs
in
surface peat did not express sMM0 (NO negative)
(Table 2). The relative number of NO positive
methanotrophs increased in peat below the oxic zone
presumably due to a greater abundance of Group II
organisms (Table 2).
Aerobic methane oxidation in samples from a
vertical profile was initiated relatively quickly after
substrate addition (oxygen and methane) (Fig. 6).
Maximum
potential methane oxidation was measured within 1 h for surface peat, whereas a lag (I -7
h) was observed for samples from anoxic peat and
clay. Little or no oxidation activity was measured
during the lag period prior to the onset of maximum
methane oxidation. After the onset, methane oxidation activity remained almost constant for 24 h (data
not shown). Oxidation rates were highest in the
surface peat, but a noticeable potential for aerobic
methane oxidation was measured in samples from

111
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”

+480mV

+410mV

+40 mV
(+FeSO,)

-1lOmV
(+Na$

Redox Regimes
Fig. 8. Methane oxidation by cultures of Methylosinus trichosporium OB3b after incubation under different redox regimes in the
absence of methane. Cells were incubated for 48 h under the
following conditions: oxic, anoxic, anoxic+2
n&l FeSO,. or
anoxic +2 mM Na2S. Bars represent the means for triplicate
cultures (+ S.E.).

oxidation activity was maintained after 32 days of
anoxia (Fig. 7).
Incubation of the methanotroph M. trichosporium
OB3b under anoxic conditions
in the absence of
exogenous carbon and energy substrates resulted in
post-starvation
methane oxidation rates that were
higher than rates measured for cultures starved under
oxic conditions (Fig. 8). Anoxic incubations for 48 h
in the presence of 2 mM Na,S did not affect the
capacity for methane oxidation when compared with
anoxic cultures incubated without sulfide. Also, negative extracellular
redox potentials in incubations
with Na,S (- 110 mV) did not have any apparent
inhibitory effect, whereas anoxic incubations of M.
trichosporium
OB3b in the presence of 2 mM FeSO,
decreased the capacity for methane oxidation when
compared with cultures incubated without added iron
(Fig. 8).

4. Discussion
The estimated annual diffusive methane flux from
Walpole Pond, 12.6 g CH, m-’ y-l, falls within
the range observed for other northern wetlands (e.g.
[19-231). The observed methane emission was significantly
lower than potential emission measured
after inhibition of aerobic methane oxidation. On an
annual basis, approximately
43% of the methane

diffusing into the oxic zone was oxidized before
reaching the atmosphere.
Fluctuations
in methane emission from natural
wetlands have frequently been correlated with sediment and soil temperatures (e.g. [20,22,24,25]). For
example, Dise et al. [22] calculated an average Qlo
of 5.1 for net methane emission from peatlands in
northern Minnesota, and concluded that temperature
was the dominant regulator of fluxes from individual
sites. A somewhat similar relationship was observed
in the present study where net methane emission
from Walpole Pond correlated relatively well with
peat surface temperatures (Qlo of 6.1; R* = 0.74).
The observed relationship between temperature and
net methane emission was presumably due to direct
effects of temperature on both methane production
and methane oxidation as well as indirect effects on
water table levels.
Methane fluxes from northern wetlands are often
considered negligible during the winter due to the
freezing of surface soil and water. In accordance
with this, methane emission was not detected from
snow and ice covered peat in Walpole Pond. However, stems of the common wetland plant, J. efsusus,
released small amounts methane to the atmosphere
when the surface peat was frozen. This observation
suggests that methane trapped below the frozen surface may not be completely sealed off during the
winter.
Several climate models predict warmer and dryer
conditions at northern latitudes if global warming
continues [26,27]. This could lead to reduced soil
moisture contents and lower water table levels in
northern wetlands [26,27]. Consequently,
the effects
of water table fluctuations on methane emission have
received increasing attention, and some general trends
have been reported for northern peatlands. Laboratory studies with packed peat cores have shown that
a decreasing water table can lead to a temporary
increase in methane emission [28-301. In the present
with undisturbed
peat cores
study, experiments
showed that short-term decreases in water table levels (5 cm) may increase both potential and net
methane fluxes (Fig. 4). A similar effect has also
been observed in several in situ studies where temporary increases in methane emission were associated with a falling water table (e.g. [ 10,23,25,3 11). In
contrast, long term decreases in water tables to depths
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Flux measurements in Walpole Pond showed that
the highest absolute rates of methane oxidation occurred between June and September (93.8-315.5
pmol CH, mm2 hh ’ ) (Table 1). These high rates of
methane consumption and subsequent production of
methanotrophic biomass could have several implications for both the population size of methanotrophs
and the carbon cycling in the wetland. For example,
an oxidation rate of 200 pmol CH, m-’ hh’ in the
upper 1 cm of the peat requires the activity of
approximately
1 X lo7 methanotrophs cmp3 using a
conversion factor of 4 nmol CH, 10’ cells-] min-’
obtained with a metbanotrophic
bacterium (strain
WP 12) isolated from the same wetland [lSl. Based
on the following stoichiometry:
2CH, + 30, + CH,O

+ CO, + 3H20

(2)

methane oxidation rates of 20 nmol CH, cmm3 h- ’
corresponds to an assimilation
of 2.9 pug C cmm3
day-’ into bacterial biomass. Assimilation
rates in
this range could yield 1 X lo7 methanotrophs cme3
d-i if the fixed carbon is used for methanotrophic
growth and not production of storage compounds
(calculated using a bacterial dry weight of 2 X 10-l 3
g C cell-‘). From these estimates, it follows that a
significant capacity for aerobic methane oxidation
may easily accumulate during the summer and early
fall. This is also apparent from measurements
of
potential methane oxidation in surface peat samples
from the fall of 1992 (Table 2) where maximum
rates of 0.76 pmol cmp3 hh’ correspond to the
activity of at least 3 X 10’ methanotrophs
cme3
(using the above oxidation rate of 4 nmol CH, lo8
cells- ’ min- l ). On the basis of these simplified
approximations,
it appears that methanotrophic
bacteria can consume a major fraction of the methane
diffusing into the oxic zone even at relatively moderate cell densities ( lo7 cells cm- 3>, and that a significant increase in population
size (108> may occur
rapidly following decreases in water table levels.
Aerobic methanotrophic
growth in conjunction
with a falling water table may, to a large extent,
occur in previously anoxic zones in the peat. However, this capacity for aerobic methane oxidation will
only be maintained over time if the methanotrophic
bacteria are capable of surviving periods of anoxia
when the water table is high or oxygen transport is
otherwise limited. Such an anoxia tolerance seems
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> 10 cm normally resulted in a decrease in methane
emission over time [28,30,32]. This pattern has also
been observed in situ where seasonal decreases in
water table levels ultimately
resulted in lower
methane emissions
(e.g. [20,22,23,25,31]).
These
findings suggest that water table decreases may have
different effects on methane emission from wetlands.
Short-term decreases in water table levels below the
soil or sediment surface may result in an increased
methane flux as the surface is suddenly exposed
directly to the atmosphere which facilitates faster gas
exchange. In particular, methane trapped as bubbles
in sub-surface peat may constitute a non-trivial reservoir that could be released in conjunction
with a
falling water table [33,34]. Rapid degassing by such
mechanisms may, to a large extent, bypass methaneoxidizing bacteria. Small decreases in water table
levels (< 5 cm) can also decrease oxygen availability in peats and thereby decrease the role of aerobic
methane oxidation [lo]. The falling water table may
cause a compression of the surface peat which can
lead to an increase in oxygen consumption per volume of peat, a decrease in oxygen diffusivity, and a
resulting decrease in oxygen penetration
[lo]. In
contrast, large or long term decreases in water table
levels will likely result in significant air entry into
wetland soils with a subsequent stimulation of aerobic methane oxidation and inhibition of methanogenesis both contributing to a decreasing methane emission over time.
Water table fluctuations and associated changes in
oxygen regimes may have long-term
effects on
methane dynamics in certain freshwater wetlands.
For example, methanogenic
bacteria appear relatively more inhibited by exposure to oxic conditions
than methanotrophic
bacteria are by exposure to
anoxic conditions
[l&23,29,30,32,35-37].
Significant inhibition of methanogenic
bacteria by oxygen
has been observed in laboratory experiments in which
methane production
in peat cores recovered very
slowly after long-term decreases in water table levels
[29,30,32]. In some situations, methane emission was
loo-fold lower after returning the water table to
levels measured before the draw-down [30]. These
observations suggest that significant water table decreases in northern wetlands may decrease both actual methane emission and the short term capacity
for methane production.
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